Electrode catheter for the electrotherapy of cardiac tissue 

The present invention relates to an electric catheter for the electrotherapy or 

» 

examination of cardiac tissue, i.e., of myocardium. On its proximal end, the 
electrode catheter has a terminal, using which the electrode line is connected 
to an electrical generator, an electrotherapy device, or even to an implant, 
such as a cardiac pacemaker or defibrillator. The therapy device is preferably a 
generator for high-frequency current for tissue ablation. On its distal end, the 
electrode catheter has one or more sensing electrodes or, additionally or alter- 
natively, treatment electrodes. 

Electrode catheters of this type are known in particular in the field of electric 
physiology for detecting and treating stimulus conduction malfunctions in the 
heart and are also referred to as EP catheters (electrophysiology catheters). In 
the present case, this name is to include both mapping catheters for detecting 
myocardial stimulus conduction or ablation catheters for the local erosion of 
cardiac tissue (myocardium) or combinations of such electrode catheters. Such 
electrode catheters are used for the purpose of detecting the excitation 
propagation in the myocardium with the aid of sensing electrodes in a first 
step, in order to be able to recognize malfunctions of the excitation 
propagation in this way. Subsequently, by applying typically high-frequency 
AC current, which may be output in a targeted way via treatment electrodes, 
tissue erosion (ablation) may be caused, with the result that stimulus 
conduction no longer occurs where the cardiac tissue is eroded. 

Corresponding catheters and treatments are known in principle and have had 
the great disadvantage up to this point that the treatment cannot be per- 
formed under observation in the course of magnetic resonance tomography, 
since the electrical lines between the proximal end of the electrode catheter 
and the electrodes at the distal end of the electrode catheter may heat up sig- 
nificantly as a result of induction currents induced by the magnetic resonance 
tomography. In addition, the electrical conductors of the typical electrode 



04.049P-WO/US 



- 2 - 



catheters result in undesired artifacts in the image recorded using magnetic 
resonance tomography. 

This problem is all the greater since the maximum power consumption of the 
electrical lines is given when their length is a multiple of half of the wavelength 

X 

output by the magnetic resonance tomograph, i.e., — . This condition is ful- 

filled in typical electrical lines of typical EP catheters. A further difficulty is that 
the greatest heating occurs precisely in proximity to the distal end of the cor- 
responding electrode catheter in the area between endocardium and myocar- 
dium. 

Up to this point, these reasons have resulted in electrophysiological examina- 
tion of the myocardium or electrotherapy of the myocardium in the form of 
ablation or similar treatments not being able to be performed under observa- 
tion in magnetic resonance tomographs. 

Similar problems also result in connection with stimulation electrode catheters 
or defibrillation electrode catheters for connection to an implantable cardiac 
pacemaker, cardioverter, defibrillator, or the like. Since typical defibrillation 
and stimulation electrode catheters are not compatible with magnetic reso- 
nance, the patients having such implants may not be examined using a mag- 
netic resonance tomograph. 

The object of the present invention is therefore to provide an electrode cathe- 
ter which also allows use in magnetic resonance tomographs. 

This object is achieved according to the present invention by an electrode 
catheter of the type cited at the beginning, in which the electrical conductor(s) 
running from the proximal to the distal ends of the electrode catheter is/are 
made of carbon. 
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It has been shown that, using electrical conductors made of carbon, both the 
undesired effect of heating of the electrical conductors because of alternating 
magnetic fields in the currents induced in magnetic resonance tomographs and 
also the undesired effect of artifacts in magnetic resonance tomographs may 
be avoided. 

Interestingly, electrode catheters for connection to a cardiac pacemaker are 
known from each of US patents US 4,467,817, US 4,721,118 und 
US 4,585,013, in which the electrical conductors between the proximal end 
connected to the cardiac pacemaker and the distal end located in the heart are 
made of carbon fibers, which are provided in the form of a bundle in a multiple 
of approximately 3000 high modulus filaments. These electrode catheters are 
to achieve the object of providing an electrode catheter having the smallest 
possible diameter. There is no indication in the publications that electrode 
catheters for electrophysiology, in particular ablation electrode catheters, may 
be constructed similarly, or that electrode catheters having an electrical con- 
ductor made of carbon fibers permit use or observation in the framework of 
magnetic resonance tomography. 

An essential aspect of the present invention is thus the recognition that elec- 
trode catheters whose electrical conductors are made of carbon also allow use 
in the framework of magnetic resonance tomography. 

A further recognition on which the present invention is based is that the use of 
electrical conductors made of carbon is especially suitable for electrode cathe- 
ters for use in the framework of electrophysiology. 

Such electrode catheters differ from stimulation electrode catheters for con- 
nection to a cardiac pacemaker in that the number of electrodes which the 
electrode catheter carries in the area of its distal end is, in electrode catheters 
for electrophysiology, typically a multiple of the number of electrodes which a 
cardiac pacemaker electrode has. These multiple electrodes of a typical elec- 
trode catheter for electrophysiology are additionally electrically connected via 



04.049P-WO/US 



- 4 - 



a corresponding number of electrical conductors to the proximal end of the 
electrode line. In contrast, a cardiac pacemaker electrode typically has pre- 
cisely two electrodes in the area of the distal end if the electrode catheter is 
implemented as a bipolar electrode catheter. This is also required for ablation 
to transmit larger amounts of energy via the electrode line than is the case for 
cardiac pacemaker electrodes. 

Typically, electrode catheters for ablation - i.e., ablation catheters, are imple- 
mented as controllable in such a way that a distal end section of the electrode 
catheter - i.e., the catheter shaft - may be laterally deflected using a control 
handle attached to the proximal end of the electrode line. Electrode catheters 
considered for permanent implantation for connection to a cardiac pacemaker 
or defibrillator do not have this feature. 

In accordance with the intended use as an electrode catheter for electrophysi- 
ology, a preferred embodiment variation of the electrode catheter has multiple 
ablation electrodes or multiple sensing electrodes or both. These electrodes 
are each electrically connected via a separate electrical conductor to a terminal 
on the proximal end of the electrode line. 

An alternative electrode catheter implemented for connection to an implant- 
able defibrillator has at least one defibrillation electrode. Defibrillation elec- 
trodes differ from typical stimulation or sensing electrodes, as are connected 
to a cardiac pacemaker, through their typically significantly larger spatial di- 
mensions, which provide a sufficiently large electrode surface to limit the cur- 
rent density at the typical current strengths required for defibrillation to an 
amount at which tissue injuries are avoided. 

In all embodiment variations, the electrode catheter according to the present 
invention is constructed from materials compatible with magnetic resonance. 
The terms compatible with magnetic resonance and compatible with nuclear 
magnetic resonance are used as synonyms here. 
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The material forming the electrical conductor, which is compatible with mag- 
netic resonance, is carbon, which is provided in the form of carbon fibers, 
which comprise multiple individual elements, in a preferred embodiment varia- 
tion of the present invention. 

The electrical conductor is preferably enclosed by an insulating envelope made 
of a flexible plastic which is compatible with magnetic resonance. This plastic 
may be made partially or completely of silicone, for example. 

The insulating envelope preferably contains an x-ray contrast agent, since nei- 
ther the electrical conductor made of carbon nor an insulating envelope made 
of silicone, for example, results in sufficient contrast in an x-ray image. The x- 
ray contrast agent may contain barium sulfate or metal particles, for example. 
The distribution of the metal particles within an insulating plastic matrix is 
preferably selected in this case in such way that it does not influence the 
magnetic resonance compatibility and at most results in slight artifacts in the 
framework of the magnetic resonance tomography. 

In order that the electrical conductors of the electrode catheter have the de- 
sired electrical properties, these preferably have cross-section between 0.5 
and 1.5 mm and a length between 40 cm and 120 cm. In preferred embodi- 
ment variations, smaller cross-sections correspond to shorter lengths and lar- 
ger cross-sections correspond to greater lengths in this case. 

Further preferred embodiment features or independent ideas of the present 
invention which may be the subjects of claims that have not been formulated 
until now are cited in the following. 

One aspect, which is also independently protectable, relates to the connection 
of a metallic electrical conductor, such as a copper wire, to an electrical con- 
ductor made of carbon fibers. 
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One connection variation is that one end of the metallic conductor is situated 
overlapping the carbon fibers of the electrical conductor made of carbon fibers 
and the metallic conductor and the conductor made of carbon fibers are fic- 
tionally connected using a crimp sleeve. Overlapping of this type may be pro- 
duced by pushing one end of the metallic conductor in the longitudinal direc- 
tion into the initially loose fiber bundle which the electrical conductor made of 
carbon fibers forms, so that the corresponding end of the electrical conductor 
is completely enclosed by carbon fibers. 

An alternative connection variation, which is also capable of independent pro- 
tection, is that a sleeve is squeezed (crimped) or glued using an electrically 
conductive adhesive onto a particular end of electrical conductor made of car- 
bon fibers and this sleeve is connected to a continuing electrical conductor 
through soldering or welding. Alternatively, the end of an electrical conductor 
made of carbon fibers may also be glued directly to a metallic conductor. 

A further aspect of the present invention which is capable of independent pro- 
tection, in particular in connection with controllable ablation or mapping cathe- 
ters, is that the electrical conductor between a particular electrode and the 
proximal end of the corresponding electrode catheter is not made of carbon 
fibers over its entire length. Rather, the electrical conductor may be formed in 
a short longitudinal section of the electrode catheter - preferably in a longitu- 
dinal section intended for lateral deflection - by typical metallic conductors, 
such as copper wires, which are then connected in the way described above 
with the electrical conductor made of carbon fibers. If the length of these me- 
tallic electrical conductors is selected so it is shorter than one fourth of the 
wavelength of the magnetic alternating field, there is hardly any heating of 
this metallic conductor in spite of the use of a metallic conductor, since the 
length of the metallic conductor is not tuned to the wavelength of the mag- 
netic alternating field. 

An especially preferred variation of a controllable ablation or mapping catheter 
is that a distal longitudinal section of a particular electrical conductor, which 
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runs inside a flexible catheter section, is made of a metallic conductor, pref- 
erably a copper wire, while the longitudinal section of the conductor in a 
proximal, stiffer catheter section is made of carbon. 

The variations of the electrode catheter discussed here, having an electrical 
conductor which has one longitudinal section made of a metallic conductor and 
another longitudinal section made of an electrical conductor made of carbon 
fibers, as well as the variations of the connection of an electrical conductor 
made of carbon fibers to a metallic electrical conductor discussed here, repre- 
sent features which may be implemented not only in catheters, such as map- 
ping catheters or ablation catheters, but rather may also be provided in elec- 
trode catheters, such as stimulation electrode catheters or defibrillation elec- 
trode catheters for connection to implantable medical devices. 

Electrode catheters of this type, regardless of whether they are implemented 
as defibrillation electrodes for connection to an implantable defibrillator or as 
electrophysiology catheters, i.e., as mapping or ablation catheters, allow the 
performance of novel methods, previously unknown methods, or methods con- 
sidered impossible to perform. 

These methods include methods for electrotherapy of the heart, in which elec- 
trotherapy is performed during magnetic resonance tomography, which is 
made possible by using an electrode catheter that is constructed as compatible 
with magnetic resonance by using an electrical conductor made of carbon. 

Electrotherapy of this type preferably comprises tissue erosion (ablation) of 
the heart through delivery of high-frequency current to the cardiac tissue. 

Alternatively or additionally, the electrotherapy may also comprise elec- 
trostimulation of the cardiac tissue. 

Furthermore, electrode catheters which are constructed as compatible with 
magnetic resonance by using an electrical conductor made of carbon also allow 
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currently unknown methods and methods which are considered impossible to 
perform for detecting electrical potentials of cardiac tissue, in which these po- 
tentials are recorded during magnetic resonance tomography using electrodes 
situated intercardially, the electrodes being electrically connected via electrical 
conductors made of carbon to a proximal end of the electrode catheter. 

In all cases described here, the electrodes themselves may be metallic or may 
also be made of carbon. Electrodes of this type and the basic construction of 
electrodes for defibrillation or for electrophysiology are known in principle in 
regard to the design of the electrodes and the external construction of the 
electrode catheter. The decisive difference between electrophysiology cathe- 
ters or defibrillation electrode catheters known per se and the electrode cathe- 
ter according to the present invention is the construction of the electrical con- 
ductors, which are made of metal wires or metal coils in typical electrode 
catheters, for example, while these conductors are made of carbon in the elec- 
trode catheters according to the present invention. 

In the following, an electrophysiology catheter according to the present inven- 
tion is to be described as an example on the basis of the ablation catheter 
variations shown in the figures. 

In the figures: 

Figure 1: shows a schematic sketch of a controllable, bipolar abla- 

tion catheter: 

Figure 2: shows a detail illustration of the distal end of the ablation 

catheter from Figure 1 in longitudinal section; 

Figure 3: shows a cross-section through the distal end of the abla- 

tion catheter from Figure 1, at the point identified in 
Figure 2; 

Figure 4: shows a longitudinal section of an alternative construction 

of the distal end of an ablation catheter, in relation to 
Figure 3, as in Figure 1; 
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Figures 5a) through d): show four sequential longitudinal sections of an al- 
ternative catheter construction in longitudinal section; and 

Figures 5e) through g): show illustrations of the cross-sections identified in 

Figure 5b). 

The ablation catheter 10 illustrated in Figure 1 has a catheter shaft 12, which 
is also identified as an electrode catheter 12 in the framework of this descrip- 
tion and the claims. The electrode catheter 12 carries two electrodes on its 
distal end, namely a tip electrode 14 and a ring electrode 16. The tip electrode 
14 and the ring electrode 16 are used in the case of tissue erosion (ablation) 
for delivering high-frequency AC current to surrounding tissue in order to heat 
the tissue using the AC current enough that it erodes. 

At the proximal end, the electrode catheter 12 is connected to a handle 18, 
which has a holding part 20 and a displacement part 22. Holding part 20 and 
displacement part 22 are displaceable in relation to one another in a known 
way in the longitudinal direction of the holding part 20 in order to cause lateral 
deflection of a distal end section 24 of the electrode catheter 12. This is per- 
formed in a way known in principle with the aid of a control wire 28 guided in 
a lumen 26 (see Figure 3) of the electrode catheter 12, which is attached in 
the area of the distal end of the electrode catheter 12. Proximal to this at- 
tachment point, the control wire 28 is guided so it is longitudinally displaceable 
in the lumen 26 and solidly connected to the holding part 20 via a crimp con- 
nection 30, while the proximal end of the electrode catheter 12 is also con- 
nected to the displacement part 22. In this way known to those skilled in the 
art, with the aid of the holding part 20 of the displacement part 22, a relative 
displacement of the control wire 28 in relation to the remaining electrode 
catheter 12 may be produced, which results in a corresponding lateral deflec- 
tion of the distal end section 24 of the electrode catheter 12 because of the 
eccentric arrangement of the control wire 28 in relation to the cross-section of 
the electrode catheter 12. This form of controllability is a feature of typical ab- 
lation catheters known to those skilled in the art. 
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In order that a lateral deflection of the distal end section 24 of the electrode 
catheter is restricted to this distal end section 24, the distal end section 24 is 
constructed as more flexible than an adjoining proximal shaft section 32 of the 
electrode catheter 12. The proximal shaft section is reinforced by a braid. 

As noted, the electrodes 14 and 16 are used for delivering high-frequency AC 
current or ablation or also for sensing electrical potentials of the cardiac tis- 
sue, i.e., mapping. For both purposes, the electrodes 14 and 16 have to be 
electrically connected to a terminal 40, which is connected via a cable 42 to 
the handle 18. 

The electrical connection between the particular electrodes 14 or 16 and the 
terminal 40 is described in the following solely for the electrical connection 
between the tip electrode 14 and the terminal 40 as an example. The electrical 
connection between the ring electrode 16 and the terminal 40 is designed cor- 
respondingly. 

The tip electrode 14 is connected via an electrical conductor 42 made of car- 
bon fibers to a typical electrical conductor 46 of the cable 42. The electrical 
conductor 44 made of carbon fibers extends from the tip electrode 14 up to a 
connection point within the holding part 20, which is made of a crimp sleeve 
48 pushed onto the proximal end of the electrical conductor 44 made of car- 
bon fibers and a small circuit board 50. 

The crimp sleeve 48 is connected in a known way by squeezing to the proxi- 
mal end of the electrical conductor 44 made of carbon fibers. In addition, the 
crimp sleeve 48 is soldered to a printed conductor in the circuit board 50 or 
welded to this printed conductor. In the same way, the typical electrical con- 
ductor 46 is connected to the same printed conductor of the circuit board 50. 

The electrical connection between the tip electrode 14 and the distal end of 
the electrical conductor 44 made of carbon fibers is constructed as follows: a 
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distal crimp sleeve 52 is squeezed onto the distal end of the electrical conduc- 
tor 44. This metallic distal crimp sleeve 52 is electrically connected via a sol- 
dered or welded connection 54 to the cap-shaped tip electrode 14. 

As may be seen from the cross-section A-A shown in Figure 3, the electrical 
conductor 44 made of carbon fibers is guided in a further lumen 56 of a multi- 
lumen hose 58. This multi-lumen hose 58 extends between the distal end and 
the proximal end of the electrode catheter 12. The multi-lumen hose 58 is 
manufactured from flexible, electrically insulating plastic. A suitable plastic is 
silicone, for example. In addition to the lumens 26 and 56 already noted for 
the control wire 28 and the electrical conductor 44 made of carbon fibers, re- 
spectively, the multi-lumen hose 58 has two further lumens, namely a lumen 
60 in which a further electrical conductor 62 made of carbon fibers is guided, 
which is used for contacting the ring electrode 16 and has a smaller diameter 
than the electrical conductor 44 for contacting the tip electrode 14. 

A fourth lumen 64 is used for receiving two electrical conductors or two optical 
fibers 66, which lead to the temperature sensor 68, which is situated in a cav- 
ity in the distal end of the tip electrode 14. With the aid of the temperature 
sensor 68, tissue ablation may be performed in way known per se with tem- 
perature control. The temperature sensor 68 is connected using an electrically 
insulating, but heat conducting adhesive 70 to the tip electrode 14. For rea- 
sons of magnetic resonance compatibility, the temperature sensor 68 is pref- 
erably an optical temperature sensor which is connected via two optical fibers 
to the proximal end of the electrode catheter 12. If an electrical temperature 
sensor, such as a thermocouple, is to be used as an alternative, this sensor 
must be connected to the proximal end of the electrode catheter 12 using two 
electrical conductors. These electrical conductors are preferably metallic con- 
ductors. However, they may be implemented as so thin and may be thermally 
insulated so well in relation to the outside of the electrode catheter 12 that 
heating of this conductor 66 in the course of magnetic resonance tomography 
is insignificant. 
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In the electrode configuration shown, the tip electrode 14 is used both as a 
sensing electrode and also as a (unipolar) ablation electrode, while the ring 
electrode 16 is used exclusively as a sensing electrode. The electrical conduc- 
tor 62 may thus also have smaller cross-sectional dimensions than the electri- 
cal conductor 44. 

The ring electrode 16 is pushed onto the outside of the multi-lumen hose 58. 
In the same way, the cap-shaped tip electrode 14 is pushed onto the distal 
end of the multi-lumen hose 58. For contacting the particular electrodes 14 
and 16, the corresponding lumens 56 and 60, respectively, have lateral open- 
ings in the area of the electrodes 14 and 16 (not shown in the figures). A pe- 
ripheral depression which results externally on the electrode catheter 12 in a 
longitudinal section located between the two electrodes 14 and 16 is filled up 
using a UV-curable plastic 72. In the same way, the transition from the proxi- 
mal end of the ring electrode 16 to the outer surface of the multi-lumen hose 
58 is filled up with UV-curable plastic 72. 

As previously described, the control wire 28 is connected at its distal end to 
the electrode catheter 12, so that the control wire 28 may cause a lateral de- 
flection of the distal end section 24 of the electrode catheter 12 as an eccen- 
trically situated tension wire. The connection of the distal end of the control or 
tension wire 28 to the electrode catheter 12 required for this purpose is pro- 
duced by gluing the distal end of the control wire 28 to the lumen 26 in the 
area of the distal end of the control wire 28. For this purpose, the intermediate 
space between the control wire 28 and the wall of the lumen 26 is filled up 
with an adhesive 24. In order that this adhesive 74 remains at the location of 
the adhesive bond even in the uncured state, two hose sections 76 are pushed 
into the lumen 26 and onto the control wire 28 in such way that the hose sec- 
tions 26 have a longitudinal section from one another and enclose the in- 
tended gluing point between them to form a seal. 

As noted, Figure 4 represents an alternative construction of the distal end of 
the electrode catheter 12 to Figure 2 in an enlarged illustrated longitudinal 
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section. The embodiment variation shown in Figure 4 differs from that shown 
in Figure 2 in that the connection of the electrical conductors 44 and 62 made 
of carbon fibers to the corresponding electrodes 14 and 16, respectively, is not 
performed with the aid of crimp sleeves, but rather using an electrically con- 
ductive adhesive, using which the distal ends of the electrical conductor 62 
and 44 are glued to the ring electrode 16 and the tip electrode 14, respec- 
tively. The remaining construction corresponds to that illustrated in Figure 2. 

Figures 5a) through g) show multiple longitudinal sections and cross-sections 
of an electrode catheter, which differs from the electrodes illustrated previ- 
ously in that the electrical conductors 44 and 62 made of carbon fibers only 
run within the relatively inflexible, proximal longitudinal section of the elec- 
trode catheter, while the electrical conductors are typical copper conductors 90 
in the flexible distal longitudinal selection of the electrode catheter, see Fig- 
ures 5a) and 5b). 

Figure 5b) shows, in longitudinal section, the longitudinal section of the elec- 
trode catheter in which the electrode line passes from a proximal, relatively 
inflexible proximal shaft section to the flexible, distal shaft section. The rigidity 
of the proximal shaft section is caused by, inter alia, a hose-like wire braid 92, 
which is welded at the distal end to a metal sleeve 94 in the area of a welding 
point 96. The multi-lumen hose 58 is glued in the metal sleeve 94. 

The conductors 44 and 62 made of carbon fibers are connected to typical cop- 
per conductors 90 both at their particular proximal ends and also at their par- 
ticular distal ends. This connection is produced in the embodiment variation 
shown in Figure 5 in that a particular end of the copper conductor 90 projects 
between the carbon fibers forming the particular electrical conductors 44 or 
62, as shown in the cross-section in Figure 5f). The copper conductor end is 
prevented from slipping out by a crimp sleeve 100, using which the carbon 
fibers of the electrical conductors 44 and 62 and the particular ends of the 
copper conductor 90 are squeezed together and therefore frictionally con- 
nected to one another. This type of connection between an electrical conductor 
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made of carbon fibers and a typical metallic conductor (in particular a copper 
conductor) also represents an inventive idea to be implemented independently 
of the embodiment details described here. 

The advantage of the ablation catheter variation shown in Figure 5 over the 
previously described ablation catheter variations is that the flexible, distal end 
section of the electrode catheter has a greater flexibility due to the use of me- 
tallic conductors, in the concrete case due to the use of copper cables, and 
may therefore be deflected laterally better and controlled more precisely. In 
spite of the use of metallic conductors in the embodiment variation shown in 
Figure 5, the ablation catheter shown in Figure 5 is also suitable for magnetic 
resonance, since the electrical conductors have a length which is shorter than 
a fourth of the wavelength of a typical magnetic alternating field as is used in 
magnetic resonance tomography. The heating otherwise caused by a type of 
antenna effect of metallic electrical conductors in such alternating fields then 
only occurs in a very slight, insignificant amount because of the lack of tailor- 
ing. 

The remaining construction of the electrode catheter shown in Figure 5 results 
analogously to the exemplary embodiments described above. Accordingly, cor- 
responding components are provided with the same reference numbers as in 
the preceding figures. 
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